Purified protein derivative (PPD) is a widely used reagent for the diagnosis of Mycobacterium tuberculosis infection. Recently, the molecular composition of PPD was defined, with hundreds of mycobacterial protein representatives making up PPD. Which, if any, of these specific products drive the potency of PPD remains in question. In this study, two proteins (DnaK and GroEL2) previously identified as dominant proteins in PPD were tested for the capacity to induce delayed-type hypersensitivity (DTH) responses in H37Rv-infected or BCG-vaccinated guinea pigs. These two proteins were used in pull-down assays to identify interacting PPD products. Six proteins were identified as interacting partners with DnaK and GroEL2, i.e., Rv0009, Rv0475, Rv0569, Rv0685, Rv2626c, and Rv2632c. These six proteins were tested alone and in combination with DnaK and GroEL2 for the capacity to induce a DTH response in the guinea pig model. From these studies, two cocktails, DnaK/GroEL2/Rv0009 and DnaK/GroEL2/Rv0685, were found to induce DTH responses in H37Rv-infected or BCG-vaccinated guinea pigs that were indistinguishable from DTH responses driven by a PPD injection. The mechanism by which DTH responses were induced was elucidated by histologic examination, analysis of activated CD4 ؉ /CD8 ؉ T cells, and cytokine mRNA expression at the site of the DTH response.
T cells, with increases in gamma interferon and tumor necrosis factor alpha, but not interleukin-10, at the site of the DTH response. Our results demonstrate for the first time that the PPD response can be mimicked at the molecular level with defined protein cocktails. The use of this defined product will allow a more thorough understanding of the DTH response and may provide a platform for more rapid and sensitive secondgeneration skin test reagents for the diagnosis of M. tuberculosis infection.
Tuberculosis remains one of the largest single causes of disease and death from an infectious agent, particularly in developing nations. With nearly 2 million deaths each year and an estimated 8 to 9 million new cases annually, tuberculosis is the second leading cause of death worldwide among communicable diseases (8) . Further, it is estimated that one-third of the world's population is latently infected with Mycobacterium tuberculosis (9) . The epidemic of human immunodeficiency virus infection (27) and the increase in the incidence of multidrug-resistant M. tuberculosis (10) have further complicated tuberculosis control efforts.
The most common way persons infected with M. tuberculosis are identified is through use of the tuberculin skin test (TST). Over the last century, the TST has been proven to be an important diagnostic tool for tuberculosis infection (25, 35) . It is also an important component of epidemiologic studies to evaluate the prevalence of latent tuberculosis in various populations.
The TST, which is also called the Mantoux test after the French physician Charles Mantoux (1877 to 1947), was developed by Florence B. Seibert (1897 to 1991) (33) . The TST is a modification of Koch's old tuberculin, resulting in purified protein derivative (PPD). Several PPD standards exist, including PPD-S (1, 16) , the first FDA standard; PPD-RT23 (7, 30) , the standard produced by the Statens Serum Institut; and PPD-S2 (37) , the new FDA standard of PPD. The basic methods used to produce these PPD standards are similar. Proteins are purified by repeated precipitation with trichloroacetic acid, ammonium sulfate, or both after cultures of M. tuberculosis are grown to stationary phase and sterilized (34) . The preparations are dominated by M. tuberculosis proteins and peptides and contain few polysaccharides, nucleic acids, and lipids. The elucidation of the molecular composition of PPD demonstrated that PPD is a complex mixture of hundreds of denatured antigens (3, 19 ; Y. S. Cho et al., unpublished data). It is not surprising, then, that little is known about the active components of PPD responsible for its potency. The presence of so many antigens likely contributes to the poor specificity observed with PPD testing; it cannot differentiate active tuberculosis from latent infection or vaccination, complicating TST use as a tool for epidemiologic studies and diagnosis of tuberculosis. PPD from different sources may vary in the delayedtype hypersensitivity (DTH) response because there is no way to standardize the hundreds of antigenic components in PPD (23) . In addition to issues arising from the number of proteins present in PPD, three of the most dominant proteins in PPD, Rv3418 (GroES), Rv0440 (GroEL2), and Rv0350 (DnaK) (3, 19; Cho et al., unpublished) , are highly conserved chaperones; reactivity to these proteins may also explain the diminished specificity of PPD. Lastly, the complexity of PPD limits our capacity to tease out the molecular interactions involved in the DTH response and, in particular, understand which of these interactions, if any, discern chronic infections from protective immunity. Skin test reagents using defined antigens may be able to be used to address these questions.
Over the past 20 years, major efforts have focused on the identification of highly purified M. tuberculosis recombinant proteins that may be used to develop a more specific diagnostic skin test (31) . Some protein candidates, including ESAT-6 (28), CFP10 (39), MPT64 (24), DPPD (6) , and Rv0934 (17), were tested and found to induce strong DTH reactions in guinea pigs, but none of them were developed as secondgeneration skin test reagents. Several studies indicate that a combination of several purified antigens (antigen cocktails) or a combination of several DTH-inducing epitopes may be required for second-generation skin test reagents to effectively replace PPD (21, 24, 32) .
The definition of the molecular composition of PPD allows for the development of a more refined product. Recently, four heat shock proteins (GroES, GroEL2, HspX, and DnaK) were identified as dominant products in PPD-S2, the U.S. FDA standard PPD (Cho et al., unpublished). In this study, DnaK and GroEL2, two of the major chaperones in PPD-S2 (Cho et al., unpublished) and bovine and avian PPD (3), were tested for the capacity to induce a DTH response and were found to elicit DTH responses in H37Rv-infected and BCG-vaccinated guinea pigs. As these proteins are conserved among other mycobacteria, their use in a second-generation TST may be limited. Thus, these proteins were used to pull out additional protein representatives from PPD, resulting in the identification of six highly interacting proteins. When these proteins were tested in various formulations for the potential to elicit a DTH response, two cocktails, DnaK/GroEL2/Rv0685 and DnaK/GroEL2/Rv0009, were found to induce DTH responses that were indistinguishable from that induced by PPD in the guinea pig model of tuberculosis, as determined by skin test responses and at the molecular level. Identification of GroEL2 and DnaK interacting proteins. Purified recombinant DnaK or GroEL2 or a mixture of the two proteins was used in pull-down assays to identify protein representatives in PPD which bound to DnaK and GroEL2. Briefly, 0.5 mg of recombinant DnaK, GroEL2, or a 1:1 mixture of DnaK and GroEL2 was incubated with 5.0 mg of PPD overnight at 4°C. The protein-PPD mixture was then passed separately over Ni 2ϩ affinity resin (His band Quick 300 cartridges; Novagen, Darmstadt, Germany) to capture the recombinant protein and any PPD products bound to it, the resin was washed extensively with 10 mM Tris-HCl to remove nonspecifically bound material, and the bound material was eluted with imidazole as described above.
MATERIALS AND METHODS

Expression of recombinant proteins in
Mass spectrometry. The pull-down assay-eluted samples were reduced, alkylated, trypsin digested, and dissolved in 5% acetonitrile-0.1% acetic acid for protein identification by liquid chromatography-mass spectrometry (MS) as described previously (22) . Tandem mass spectra were extracted, charge state deconvoluted, and deisotoped by BioWorks version 3.2. All tandem MS (MS/MS) samples were analyzed using Sequest (version 2.7; ThermoFinnigan, San Jose, CA) set up to search the M. tuberculosis database (GenBank accession no. AL123456, R9, 3913 entries) assuming the digestion enzyme trypsin and a maximum of four missed cleavages. Sequest was searched with a fragment ion mass tolerance of 1.00 Da and a parent ion tolerance of 2.5 Da. Scaffold (version Scaffold_2_05_02; Proteome Software Inc., Portland, OR) was used to validate MS/MS-based peptide and protein identifications. Peptide identifications were accepted if they could be established at greater than 95.0% probability as specified by the Peptide Prophet algorithm. Protein identifications were accepted if they could be established at greater than 90.0% probability and contained at least two identified peptides.
Guinea pig model. Specific-pathogen-free, outbred Hartley guinea pigs (450 to 500 g at the beginning of the experiment) from Charles River Laboratories (Wilmington, MA) were maintained under biosafety level 3 conditions. Guinea pigs were randomly assigned to one of three groups: BCG vaccinated, H37Rv infected, or negative control. All animal experiment procedures were approved by the Animal Care and Use Committee of Colorado State University.
BCG vaccination and aerosol challenge. Vaccinations were performed by subcutaneous injection of 0.1 ml (10 3 CFU) of BCG Pasteur. Guinea pigs were infected using a Madison chamber aerosol generation device to deliver M. tuberculosis H37Rv at a low aerosol dose of 20 bacilli. Subcutaneous injection with 100 l endotoxin-free phosphate-buffered saline (PBS) was used as a negative control.
Skin testing and biopsy. BCG-vaccinated or H37Rv-infected guinea pigs were examined for a DTH response induced by different formulations (PPD-S2, DnaK, GroEL2, GroES, HspX, DnaK/GroEL2, DnaK/GroEL2/Rv0009, DnaK/GroEL2/ Rv0475, DnaK/GroEL2/Rv0569, DnaK/GroEL2/Rv0685, DnaK/GroEL2/Rv2626c, DnaK/GroEL2/Rv2632c, and PBS as a negative control). The skin test, according to the Mantoux technique, was performed 10 weeks after aerosol infection or BCG vaccination. The hair on the ventral side was shaved off, and the guinea pigs were injected intradermally with 0.1 ml antigen solution diluted in endotoxin-free PBS. The PPD-S2 and formulations containing single proteins were used at a dose of 0.4 g. The DnaK/GroEL2 and three-protein formulations all used 0.13 g of each protein.
Erythema and induration were measured with a micrometer after 24 and 48 h.
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The diameter (in millimeters) was defined as the mean of vertical and transverse measurements. Skin samples were obtained from infected group guinea pigs. The guinea pigs were euthanized by injection with sodium pentobarbital (Sleepaway; Fort Dodge Laboratories, Inc., Fort Dodge, IA) 48 h after antigen stimulation. The injection site skin was rinsed with 70% ethanol, removed, and then fixed with 10% formalin for histological examination. Skin samples were prepared for RNA extraction (30-to 50-mg skin sample in 0.6 ml RNAlater [Qiagen]) or cell isolation (the same area of skin sample in 1.5 ml of incomplete RPMI medium). The samples for RNA extraction were homogenized in RNAlater and immediately stored at Ϫ20°C. The samples for cell isolation were kept on ice and used immediately after biopsy.
Histological examination. Following fixation in formalin, the skin tissues were routinely processed for paraffin embedding. Sections were cut at a 4-to 5-m thickness, stained with hematoxylin and eosin (H&E), and examined on a Nikon Eclipse 50i microscope. Microphotographs were taken with a DS-Fi1 camera and associated software (Nikon, Japan).
Flow cytometric analysis of cell surface markers. Flow cytometry was performed to investigate the subgroups of T cells in infected guinea pigs stimulated with different formulations. Briefly, after the removal of subcutaneous fat and muscle tissues by scraping, the skin samples were minced into small pieces and digested for 1 h at 37°C with 2 mg/ml collagenase type IV and 1.2 U/ml dispase (Worthington, Lakewood, NJ). The digested skin samples were further disrupted by gently pushing the tissue through a 70-m cell strainer (BD Biosciences, San Jose, CA). Red blood cells were lysed with ACK buffer (0.14 M NH 4 Cl, 1.0 mM KHCO 3 , pH 7.2 to 7.4) and then washed and resuspended in complete RPMI medium. The viability of digested skin cells was determined by trypan blue staining. Single-cell suspensions from each individual guinea pig were stained with fluorescently labeled monoclonal antibodies against CD4 (clone FITC CT7; Serotec Inc., Raleigh, NC) (36), CD8 (clone FITC CT6; Serotec Inc.) (36) , pan-T cells (clone APC CT5; Serotec Inc.) (36) , and CD62L (clone PE lam1-116; Santa Cruz Biotechnology, Santa Cruz, CA) (13) at 4°C for 30 min. Antibodies were used at 0.2 g/10 6 cells. Cells were gated on lymphocytes by forward and side scatter according to their characteristic scatter profiles and further gated based on pan-T and CD4 or CD8 expression.
All analyses were performed with an acquisition of at least 100,000 events on a Becton Dickinson FACScalibur flow cytometer (BD Biosciences, San Jose, CA), and the data were analyzed using FlowJo software (Tree Star Inc., Ashland, OR).
Total RNA isolation and real-time quantitative reverse transcription (RT)-PCR assay. To determine the quantities of cytokine mRNA in skin samples, real-time RT-PCR was performed for the H37Rv-infected guinea pig group. First, the skin samples were homogenized and released skin RNA was extracted using the RNeasy mini kit with columns (Qiagen, Valencia, CA). Contaminating DNA was removed by on-column treatment with RNase-free DNase (Qiagen, Valencia, CA) according to the manufacturer's instructions. The yield and quality of total RNA were examined using an ND1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE). The RNA was then stored at Ϫ80°C until required for gene expression studies. RT was performed using an iScript cDNA synthesis kit (Qiagen, Valencia, CA). Real-time RT-PCR, performed with iQ CYBR green supermix (Bio-Rad, Hercules, CA), was carried out using primers for guinea pig ␤-actin, gamma interferon (IFN-␥), tumor necrosis factor alpha (TNF-␣), and interleukin-10 (IL-10) as described previously (15) . Results were recorded as relative gene expression after normalization for ␤-actin threshold cycle (C T ) values by the 2 Ϫ⌬⌬CT method (20) . All real-time RT-PCR data are presented such that the values for stimulated samples using different formulations are expressed relative to the value for the PBS-stimulated site on the same animal.
Statistical analysis. Descriptive analyses were carried out for histopathological features. All other data were expressed as the mean Ϯ the SEM (standard error of the mean). The DTH response data were analyzed by one-tailed Student t test. The Mann-Whitney test was used to characterize changes in cytokine mRNA expression and cell surface markers between groups of guinea pigs. All statistical comparisons were carried out using GraphPad Prism version 4.00 (GraphPad Software, San Diego, CA). P values of Ͻ0.05 were considered statistically significant.
RESULTS
DTH responses of the dominant chaperones in PPD.
Four chaperones (DnaK, GroEL2, GroES, and HspX) were expressed as recombinant proteins in E. coli BL21(DE3)pLysS cells and purified using Ni-charged His-bind resin (data not shown). M. tuberculosis-infected, BCG-vaccinated, and naïve guinea pigs were used to evaluate DTH responses to these chaperones, with PPD and saline as positive and negative controls, respectively. The results demonstrated that among the four recombinant proteins used, only DnaK and GroEL2 elicited DTH responses ranging from weak to significant (one study demonstrated mean responses of 3.36 Ϯ 4.53 and 10.04 Ϯ 2.29 mm for DnaK and GroEL2, respectively). All four chaperones were combined in various formulations and tested for the capacity to induce a DTH response. Only the combination of DnaK and GroEL2 augmented the DTH response in infected and vaccinated animals (one study demonstrated mean responses of 10.68 Ϯ 2.32 mm for DnaK/GroEL2 versus 9.46 Ϯ 1.83 mm for PPD). None of the naïve guinea pigs developed a reaction to any of the antigens (data not shown). Dose-response assays were performed with injection doses ranging from 0.1 to 1.2 g total protein/site. Positive DTH responses were observed for all doses, with 0.25 to 0.4 g total protein/site being the optimum dose (data not shown).
Pull-down assays. Ni chromatography was used to pull down protein representatives and peptides in PPD that bound to recombinant DnaK and GroEL2. From this, DnaK and GroEL2 were found to interact with each other, and six additional protein representatives were identified in the pull-down assay elution buffer, indicating an interaction with these two chaperones ( Table 1 ). All six proteins are small-size proteins with native molecular masses ranging from 9.5 to 22 kDa, except Rv0685, with a molecular mass of 44 kDa. As expected from previous SDS-PAGE analyses of PPD (3; Cho et al., unpublished), only recombinant DnaK and GroEL2 and none of the six new products were observed as discrete protein bands upon SDS-PAGE analysis of eluted samples (data not shown), due to the fact that PPD is composed mostly of protein representatives or aggregates of partially denatured proteins and peptides rather than discrete protein molecules (3; Cho et al., unpublished).
DTH responses to protein cocktails. All of the proteins identified as interacting partners in the pull-down assay were expressed and purified as soluble recombinant products, except Rv0685, which was purified from inclusion bodies. To establish the diagnostic potential of these proteins, we evaluated DTH responses to these proteins, individually and com- (Fig. 1) . As expected, PPD did not discriminate between the infected and BCG-vaccinated guinea pigs, with DTH responses of 8.68 Ϯ 0.34 mm (mean responses of erythema Ϯ SEM) and 8.94 Ϯ 0.4 mm, respectively. Like PPD, all of the other formulations tested elicited almost identical DTH reactions in M. tuberculosis-infected and BCG-vaccinated guinea pigs. However, both DnaK/GroEL2/Rv0009 and DnaK/GroEL2/ Rv0685 induced stronger DTH responses than did the DnaK/ GroEL2 formulation alone (P Ͻ 0.05); the DTH response to DnaK/GroEL2/Rv0569 was equivalent to that to DnaK/GroEL2 alone. Interestingly, the DnaK/GroEL2/Rv0475, DnaK/GroEL2/ Rv2626c, and DnaK/GroEL2/Rv2632c formulations weakened the DTH responses in both groups (P Ͻ 0.05) compared to that elicited by DnaK/GroEL2 (data not shown for DnaK/GroEL2/ Rv2626c). Histological examination of DTH sites from infected guinea pigs. To assess if the same type of cellular and inflammatory response was induced by using different formulations and PPD, microscopic examination of H&E-stained sections was performed on skin test sites from infected guinea pigs (Fig. 2) . This revealed that the different protein formulations induced pathological changes similar to that of PPD. In all cases, the inflammation in the dermis was characterized by vasodilation, edema, degranulation of mast cells, and infiltration of granulocytes, mainly neutrophils, as well as lymphocytes and monocytes, at the site of antigen injection. These results suggest that the different formulations induced a DTH response that closely mimics that of PPD. No significant response was observed at the site of the saline injection in infected animals.
Flow cytometry. To determine the phenotype of the T cells recruited to the DTH reaction site, flow cytometry was performed on skin samples from infected guinea pigs stimulated with four different protein cocktails and PPD. The PBS injection site was used to measure nonspecific T-cell accumulation. The absolute number and percentage of T subgroup cells positive for each marker studied was determined by comparison to a sample stained with an isotype control antibody. We observed a 3-to 4-fold increase in both the absolute number and the percentage of CD3 ϩ CD4 ϩ CD62L low and CD3 ϩ CD8 ϩ CD62L low T cells in animals treated with the different formulations compared to those of animals treated with the PBS control (P Ͻ 0.05 or P Ͻ 0.001, Fig. 3A and B ). An increase was also observed in terms of the percentage of CD3 ϩ CD4 ϩ CD62L low T cells in the DnaK/GroEL2 and DnaK/GroEL2/ Rv0685 groups compared to that in the PPD group (P Ͻ 0.05, Fig. 3B) ; however, there were no differences between different formulations when the data on the absolute numbers of CD3 ϩ
CD4
ϩ CD62L low and CD3 ϩ CD8 ϩ CD62L low T cells in the samples were analyzed (Fig. 3A) .
Cytokine expression. To investigate further the potential differences in the cytokine secretion pattern of skin cells at the DTH sites, we analyzed cytokine expression by real-time RT-PCR in infected animals using four protein cocktails and PPD. The results demonstrate that IFN-␥ and TNF-␣ were significantly upregulated in response to all of the formulations over PBS (Fig. 4) . While there were no significant differences in cytokine induction between different formulations, there was a trend of higher TNF-␣ expression in three of the protein cocktails and PPD versus the cocktail containing DnaK and GroEL2 only. The results also showed an absence of detectable IL-10 mRNA in any of the samples.
DISCUSSION
In this study, we tested four dominant proteins found in PPD for their potential to induce a DTH response in M. tuberculosis-infected or BCG-vaccinated guinea pigs. A baseline DTH response was established for two of these proteins, DnaK and GroEL2. Products in PPD that interacted with these two chaperones were identified by pull-down assays and mass spectrometry, produced as recombinant antigens, and tested alone or in combination with DnaK and GroEL2 for the capacity to induce a DTH response. Three cocktails, each containing three proteins, were as potent as PPD in the guinea pig model of tuberculosis. The primary molecular mechanisms responsible for inducing a DTH response were indistinguishable when differences between these cocktails and PPD were evaluated. Thus, the biological potency of PPD can be reproduced using a simplified, three-protein cocktail mixture of DnaK/GroEL2/ Rv0009, DnaK/GroEL2/Rv0569, or DnaK/GroEL2/Rv0685. These well-defined cocktails can be used to further define the . Prior to this study, it was unknown which, or which combination, of these products, were responsible for the specificity or sensitivity of the DTH response. This is further complicated by the abundance of denatured, aggregated, and lysed proteinaceous products in PPD, complicating analysis of the PPD proteome, such that only two publications describe the PPD proteome in detail (3; Cho et al., unpublished). Both the work by McFadden and our own identified the chaperones DnaK, GroEL2, and GroES as dominant products in PPD. In this study, these three chaperones and an additional chaperone, HspX, were tested using the guinea pig model of M. tuberculosis infection. DTH responses similar to that induced by PPD were observed when DnaK and GroEL2 were used separately or in combination in M. tuberculosis-infected or BCG-vaccinated guinea pigs. HspX and GroES, on the other hand, were negative or gave a poor response, whether injected separately or as a cocktail, in the guinea pig model of tuberculosis. Based on the relative abundance of DnaK and GroEL2 in PPD, we hypothesize that these two proteins significantly contribute to both the potency and lack of specificity of PPD in the DTH response.
Because both DnaK and GroEL2 are chaperone proteins, it was proposed that other proteins in PPD may be interacting with DnaK and GroEL2, and addition of these may enhance and engender a more specific DTH response than the use of these two proteins alone. To test this hypothesis, a pull-down experiment was performed to identify these proteins in PPD. Six novel proteins in PPD were identified by this method (Rv0009, Rv0475, Rv0569, Rv0685, Rv2626c, Rv2632c). None of these proteins induced a DTH response when tested individually. However, the addition of some of these proteins to DnaK and GroEL2 elicited a potent DTH response. Specifically, the protein cocktails DnaK/GroEL2/Rv0009 and DnaK/ GroEL2/Rv0685 induced stronger DTH responses in H37Rv-infected and BCG-vaccinated guinea pigs than did DnaK/ GroEL2 only, while the addition of other proteins to the DnaK/ GroEL2 mixture resulted in either an equally active or a weakened DTH response. This illustrates that protein-protein interactions either enhance or abrogate the DTH response. In addition, it is possible that the proteins contributing to a weakened DTH response may be inducing an alternative type of immune response. An anti-inflammatory or regulatory T-cell-type response may be occurring, leading to an overall weakening of the DTH-mediated immune response. Combined, these factors explain, in part, the variability seen in DTH responses, further demonstrating the challenges faced when defining the DTH response in M. tuberculosis infection or after BCG vaccination. The specific cellular attributes responsible for the DTH response in this model of tuberculosis are currently being studied using these defined protein cocktails. Discovery of these essential components during infection with M. tuberculosis or protection by BCG vaccination may lead to the development of rapid, inexpensive second-generation skin test antigens for tuberculosis.
Many protein candidates have been described as tuberculosis-specific skin test antigens over the past 2 decades (5, 6, 11, 24) ; however, none have reached an optimal diagnostic sensitivity. In this study, the protein mixtures described elicited a response that was equal to or greater than the response to PPD and was indistinguishable from PPD at the molecular level. While these cocktails did not demonstrate significantly different responses between infected and vaccinated animals, they do provide a tool to define the DTH response during the course of infection. Once defined, additional protein formulations that induce a strong and tuberculosis-specific DTH response can be rapidly tested.
To elucidate the mechanism of the DTH response in M. tuberculosis-infected guinea pigs, histological examination and cellular analyses were performed at PPD or protein formulation injection sites on the skin of infected animals. The analysis (14, 29, 38) . There are two probable reasons for the discrepancy. One is the differences between the human experience and the guinea pig model of tuberculosis. The other is that, in this study, activated CD4 ϩ and CD8
ϩ T-cell populations were measured directly at the site of the DTH response. To the best of our knowledge, this study is the first in which flow cytometry was used to look at DTH responses in the guinea pig model and may more accurately reflect the essential mechanisms of a productive DTH response.
DTH is classically defined as the recruitment of T cells to be activated by antigen-presenting cells, mainly Langerhans cells in skin, to produce cytokines that mediate local inflammation. Although the role of CD8 ϩ T cells was previously poorly recognized, there is now considerable evidence that during the process of DTH, the antigen is processed and presented to both CD4
ϩ and CD8 ϩ T cells (2) . It is well known that phagocytosed antigens enter the exogenous pathway and are processed for presentation on major histocompatibility complex (MHC) class II molecules to CD4 ϩ T cells, while cytoplasmic antigens are processed by the endogenous pathway for presentation on MHC class I molecules to CD8 ϩ T cells. However, exogenous antigen can also enter the endogenous pathway to be presented to CD8 ϩ T cells (18) . Our data demonstrate the activation of CD8 ϩ T cells in DTH responses using PPD and different formulations, indicating that after proteins are digested in vivo, the specific peptides are processed and presented on both MHC class I and II molecules. The expression of cytokines during the DTH response was determined by measuring specific mRNA expression levels at the sites of the DTH response in infected guinea pigs. Our data demonstrated that IFN-␥ and TNF-␣ are actively expressed at the DTH site, and the same immune response pattern is induced by defined protein cocktails and PPD. Further, the T-cell response appears to be biased toward a Th1 T-cell response, based on the increases in the Th1 cytokines IFN-␥ and TNF-␣ and the absence of IL-10 at the DTH sites. Injection of PPD into the footpads of H37Rv-infected mice is also characterized by high expression of Th1 cytokines like IL-2 and IFN-␥ and the absence of Th2 cytokines such as IL-4 detected by RT-PCR (26) . Similarly, the expression of IFN-␥, the major cytokine produced by Th1 cells at sites of DTH responses, has been confirmed by others (4, 12) and is consistent with our results. Real-time RT-PCR can thus be used for validation of candidate PPD alternatives.
In summary, in our study, DnaK/GroEL2/Rv0009 and DnaK/GroEL2/Rv0685 were found to induce stronger responses than single protein or DnaK/GroEL2 protein cocktail injections and DTH responses indistinguishable from that elicited by PPD in the guinea pig model of tuberculosis. This is the first time that mimicking the PPD response has been shown at the molecular level with defined protein cocktails. The use of defined formulations will not only help provide a more thorough understanding of the DTH response but also provide a platform for standardized, defined second-generation skin test reagents for the diagnosis of M. tuberculosis infection and possibly novel skin test reagents for the evaluation of vaccine efficacy.
